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We realize squeeze film pressure sensors using suspended, high mechanical quality silicon nitride
membranes forming few-micron gap sandwiches. The effects of air pressure on the mechanical vi-
brations of the membranes are investigated in the range 10−3 − 50 mbar and the intermembrane
coupling induced by the gas is discussed in light of a squeeze film coupled-oscillator model. The
high responsivity (several kHz/mbar) and the sub-pascal sensitivity of such simple pressure sen-
sors are attractive for absolute and direct pressure measurements in rarefied air or high vacuum
environments.
I. INTRODUCTION
Suspended plates with small thickness/large area and
possessing high quality factor mechanical resonances are
well-suited for investigating fluid/radiation pressure vari-
ations, as their interaction with the fluid/electromagnetic
field can strongly affect their mechanical properties [1–3].
Few tens of nanometers-thick, tensioned silicon nitride
(SiN) membranes constitute excellent and versatile me-
chanical resonators in that respect, as their robustness
and high mechanical quality factors make for attractive
pressure sensors [4] and their low loss level allows for ef-
ficiently coupling them to electromagnetic fields in the
context of cavity optomechanics [5, 6].
For the latter, arrays of suspended membranes [7–10]
are especially interesting in that they allow for enhancing
radiation pressure forces [11, 12] and open for mediating
interactions between the resonators and exploiting col-
lective optomechanical phenomena [13–19].
For the former, the use of a membrane sandwich in
which a fluid is compressed in the small gap region be-
tween the membranes makes it possible to exploit the
squeeze film effect [1, 20–22] in order to determine the
gas pressure and couple the membranes together [4].
In the rarefied gas (or free molecular flow) regime, in
which the mean free path of the gas molecules exceeds
the gap dimension, intermolecular collisions are rare and
membrane-molecule collisions predominant; while the
collisions of the molecules contribute to dampen the me-
chanical vibrations, the spring constant added by the
squeezed gas can substantially modify the mechanical
resonance frequencies [1, 20–22]. For large plates and
small gaps, the gas-added spring constant is directly pro-
portional to the pressure and enables species-independent
measurements. Squeeze film effects have been investi-
gated with various resonators and regimes [4, 23–37].
We report here on the realization of squeeze film pres-
sure sensors based on suspended, high-mechanical qual-
ity factor (Q ∼ 105), SiN membranes forming a small
gap sandwich and characterize the modifications of their
mechanical properties in air in the range 10−3−50 mbar.
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Pressure-induced frequency shifts as high as 4 kHz/mbar
are demonstrated, a substantial improvement over previ-
ous arrays with larger gaps [4]. Such a pressure respon-
sivity is close to the highest (9 kHz/mbar) reported with
high frequency graphene microdrums [37], and substan-
tially extends the pressure range and sensitivity of this
type of sensors into the sub-pascal regime. Such squeeze
film pressure sensors would be relevant for a wide range
of applications ranging from absolute high vacuum pres-
sure calibration [38, 39] or the direct determination of the
vapor pressure of chemically or environmentally relevant
substances [40].
The paper is outlined as follows: Sec. II discusses
the dynamics of high-frequency vibrating plates in the
free molecular flow regime and introduces the theoreti-
cal coupled-mode model used to analyze these dynamics
in the specific case of a membrane sandwich structure.
Section III discusses the assembly and optical character-
ization of these arrays and describes the experimental
setup used for the characterization of their vibrations.
Section IV presents the results of measurements of the
effects of air pressure on the mechanical properties of two
membrane sandwiches having gaps between 2 and 3 mi-
crons. In Sec. V we conclude and discuss the prospects
for improving the responsivity and sensitivity of these
squeeze film sensors.
II. SQUEEZE FILM EFFECTS IN A
MEMBRANE SANDWICH
We consider a membrane sandwich consisting in two
parallel thin clamped plates with lateral dimension a,
thickness t and separated by a distance d (a  d, t), as
depicted in Fig. 1. The membranes are surrounded by
air at ambient pressure P on all sides. We focus here on
the rarefied air regime, which is characterized by a high
Knudsen number,
Kn =
λ
d
=
kBT√
2piσ2airPd
, (1)
defined as the ratio of the mean free path and the gap
dimension, where kB is the Boltzmann constant, T the
temperature and σair = 4.19× 10−10 m the air molecule
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Figure 1. (a) Cross section schematic of the membrane sand-
wich (not to scale). (b) Variations with pressure of the Knud-
sen number Kn (blue) and squeeze parameter σ (red), for
sandwiches with an intermembrane separation d of 2.1 µm
(plain) and 2.95 µm (dashed).
diameter. The variations of Kn in the pressure range in-
vestigated experimentally in the following are shown in
Fig. 1b, for sandwiches with intermembrane separations
d of 2.1 and 2.95 µm, respectively. The Knudsen number
becomes of order unity for pressures of order ten or a few
tens of millibars, indicating the transition to the viscous
fluid regime. We consider the vibrations of the clamped
membranes in the direction orthogonal to their plane (x-
direction) and denote by x1 and x2 the amplitudes of two
corresponding normal modes with frequencies ω1 and ω2
and intrinsic dampings (in vacuum) γ1 and γ2, respec-
tively. In the rarefied air regime, the collisions of the air
molecules with the membranes give rise to an additional
damping, proportional to the pressure [41] and given by
γair = 4
√
2
pi
√
Mair
RT
P
ρt
, (2)
where Mair is the air molar mass, R the ideal gas constant
and ρ the density of SiN. The isothermal compression of
the gas between the membranes gives an additional force
on the membranes (squeeze film effect) [22]. For a fluid
with a relaxation time τ interacting with a resonator with
frequency ω, the Newtonian hydrodynamics assumption
that the fluid remains in the vicinity of equilibrium is
valid when the Weissenberg number, Wi = ωτ , is much
larger than unity [3]. The relaxation time corresponds to
the average time it takes the molecules to leave the gap,
which can be estimated by [31]
τ =
8a2
pi3dv¯
, (3)
where v¯ =
√
8RT/piMair is the mean velocity of the air
molecules. For d = 2.1 µm and a fundamental mode
frequency ω/(2pi) = 820 kHz, one gets Wi ' 340; the
squeeze film force is then expected to be predominantly
elastic in the rarefied air regime.
Since the transition regime is also relevant for the
pressure range investigated here, one can consider the
squeeze film dynamics in the opposite, viscous fluid
regime. There, the relevant parameter to characterize
the fluid behavior is the squeeze number parameter [20],
σ =
pid2P
24a2µ
, (4)
where µ is the air viscosity. In order to get an estimate of
σ , we use the empirical effective viscosity of [21], µeff =
µ0/(1+9.658K
1.159
n ), where µ0 = 1.8×10−5 Pa is the air
viscosity at atmospheric pressure, and get that σ ' 3600
for d = 2.1 µm and P = 10 mbar (see also Fig. 1b). One
can thus reasonably expect the squeeze film force to be
essentially elastic for the whole pressure range considered
in this work.
In this regime and for a large oscillating plate closely
lying with a fixed plate, the air-added spring constant
is proportional to the pressure and results in a frequency
shift of the plate mechanical resonance frequency ω given
by the expression
ω˜2 = ω2 + kair = ω
2 +
P
ρtd
. (5)
In the case of a sandwich consisting of two parallel and
nearly identical membranes, the squeeze film forces are
opposite on each membrane, resulting in the coupled dy-
namical equations [4]
x¨1 + (γ1 + γair)x˙1 + ω
2
1x1 + kair(x1 − x2) = F1, (6)
x¨2 + (γ2 + γair)x˙2 + ω
2
2x2 + kair(x2 − x1) = F2, (7)
with γair given by Eq. (2) and F1 and F2 the noise forces
associated to the thermal fluctuations and the collisions
with air molecules.
The dynamics of the pressure-coupled modes, and
thereby their thermal noise spectra, depend on the
relative strength of the air-induced coupling, the fre-
quency separation between the modes and their respec-
tive (pressure-dependent) dampings. As observed in [4],
very non-degenerate frequency modes behave indepen-
dently of each other and their mechanical resonance fre-
quencies are both shifted by a nearly equal amount at a
given pressure. For close to degenerate frequency modes,
however, hybridization occurs and normal ”bright” and
”dark” modes have to be defined [4] due to the intermode
coupling provided by the squeezed gas. In the good os-
cillator limit—i.e. assuming that the mechanical quality
factors Qi = ωi/(γi+γair) (i = 1, 2) remain large over the
pressure range considered—the frequencies of these nor-
mal modes can be found by analyzing the Fourier trans-
forms of Eqs. (6-7). One obtains
ω± =
[
ω20 + δ
2 + 2ηω0 ± 2ω0
√
δ2 + η2
]1/2
, (8)
3where ω0 = (ω1 + ω2)/2, δ = (ω1 − ω2)/2 and η =
kair/(2ω0). Figure 2 illustrates the variations of the
frequency shifts, δω± = ω± − (ω0 ± δ), as the air-
induced coupling η (proportional to the pressure) is var-
ied, in the case when δ = 0.005ω0. Two regimes can
be distinguished: when η  δ, the dynamics of both
modes are essentially independent and they experience
the same positive frequency shift η. As the coupling is
increased, the bare modes hybridize and, when η  δ, the
bright mode—corresponding to the relative motion of the
membranes—experiences a doubled frequency shift, 2η,
while the dark mode—corresponding to their center-of-
mass motion—no longer experiences any pressure shift
and its frequency converges to ω0. At very large cou-
plings the bright mode frequency shift no longer scales
linearly with η, but rather as
√
η.
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Figure 2. Normal mode frequency shifts as a function of air-
induced coupling (in units of ω0) in the case δ = 0.005ω0.
Plain red: δω+. Plain blue: δω−. The dot-dashed gray and
the dashed black lines show linear shifts equal to η and 2η,
respectively.
III. SIN MEMBRANE SANDWICH
A. Assembly
The SiN membranes used in this work are commer-
cial (Norcada Inc.), high-tensile stress (∼ 0.9 GPa), 500
µm-square and 87 nm-thick stochiometric films deposited
on a 5 mm-square and 500 µm-thick Si frame. Two ap-
proaches were used for the sandwich assembly: in the first
one, two rectangular aluminium spacers (0.5 × 1 mm2)
were deposited onto one chip about 1 mm from the sus-
pended membrane. The upper membrane was then po-
sitioned parallel to the lower one using piezoactuators
while being illuminated by a broadband light source and
the spectrum of the transmitted light through the array
being monitored using a fiber spectrometer [7]. Small
dabs of UV resist (OrmoComp, Micro resist technology
GmbH) were deposited on the sides of the frame and the
resist cured when reasonable parallelism was achieved. In
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Figure 3. (a) Picture of membrane sandwich chip. (b) Nor-
malized transmission spectra of sandwiches with d = 2.95 µm
(green) and d = 2.10 µm (orange) under broadband illumi-
nation. The solid lines indicate the results of fits with the
theoretical model discussed in the text.
the second approach, a thin line of UV resist deposited
close to two edges of the lower chip played the role of a
flexible spacer. The upper chip was then gently pressed
down using the piezoactuators in the same way as pre-
viously before the resist was cured. Figure 3 shows a
picture of one such sandwich, as well as examples of
normalized transmission spectra of two sandwiches with
d = 2.10 and d = 2.95 µm under broadband illumina-
tion and in air. The solid lines are fits to the transmis-
sion function of a linear Fabry-Perot etalon, which takes
into account the refractive index of SiN, the membrane
thickness t and the intermembrane separation d [7, 42].
From these fits the intermembrane separation and thick-
ness t = 87(1) nm can be accurately determined. The
reduced contrast in the interference fringes of the shorter
sandwich is attributed to a rather poor degree of par-
allelism achieved after assembly, which has bearings on
the squeeze film effect for this sample, as will be discussed
later.
B. Optomechanical characterization
In order to characterize the mechanical properties of
the assembled sandwiches, the samples are lying in a 450
cm3 vacuum chamber on a ring-shaped mount, the cor-
4Figure 4. Schematic of the optomechanical characterization
setup. ECDL: external cavity diode laser, PZT: piezoelectric
transducer, BS: beamsplitter, PD: photodiode, SA: spectrum
analyzer.
ners of the lower chip resting on the ring. A 50:50 beam-
splitter, placed approximately 7 mm away from the sam-
ple, forms an interferometer whose length is adjustable
with a piezoelectric transducer (Fig. 4). The transmis-
sion of monochromatic light issued from a tunable ex-
ternal cavity laser diode (∼ 900 nm) is recorded with a
fast photodiode and the resulting signal sent to a low
resolution bandwidth spectrum analyzer. The thermal
noise spectrum are typically recorded over a span range
of a few to a few hundreds of kilohertz with a resolution
bandwidth of 0.5 Hz and averaged 500 times. The vac-
uum chamber temperature not being actively stabilized,
resonance frequency drifts of few tens of hertz per hour
are typically observed and corrected for during long ac-
quisition time measurement series. The pressure is con-
trolled by opening the valve to the chamber and measured
using an ion gauge sensor, calibrated against a Pirani
gauge whose air pressure responsitivity was absolutely
calibrated in the range 1-50 mbars [43]. The calibrated
Pirani sensor response is accurate to within a few percent
in that range and its response is used to calibrate that of
the measuring ion gauge sensor.
IV. EXPERIMENTAL RESULTS
A. 2.95 µm, Al-spacer sandwich
We first characterize the pressure response of a sand-
wich with aluminium spacers and d = 2.95 µm. While
one membrane (membrane 2) was found to exhibit good
quality factor modes, the other membrane showed modes
with substantially reduced Qs, which could be the result
of the Al deposition or manipulation in the course of
the deposition process. The fundamental mode frequen-
cies of both membranes were ω1/(2pi) = 824.1 kHz and
ω2/(2pi) = 826.7 kHz, and their intrinsic quality factors
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Figure 5. Thermal noise spectra around the fundamental
mode frequencies for different pressures (from top to bottom:
P = 5 10−8, 0.018, 0.055, 0.13, 0.35, 0.6, 0.82, 1.05 mbar).
The background-subtracted spectra are shown with a loga-
rithmic scale and vertically offset for clarity.
Q1 = 1500 and Q2 = 65000, respectively. Figure 5 shows
examples of thermal noise spectra around these frequen-
cies for different pressures. Positive frequency shifts and
broadening of the spectra with increasing pressure are
clearly observed for both modes. Due to its lower Q the
thermal fluctuations of membrane 1’s fundamental mode
can no longer be resolved for pressures above 0.3 mbar,
however. In contrast, membrane 2’s thermal fluctuations
can be resolved up to much higher pressures and shifts as
high as 176 kHz were measured at 50 mbars (see Fig. 6a).
Figure 6 shows the variations with pressure of the
mechanical quality factor Q = ω/γ (where γ/(2pi) is
the FWHM of the noise spectrum) and the resonance
frequency shift δω/(2pi) of membrane 2’s fundamental
mode, which were extracted from Lorentzian fits to ther-
mal noise spectra as shown above. The observed fre-
quency shifts are observed to be in good agreement
with the predictions of the coupled-oscillator squeeze film
model given the independently measured intermembrane
distance d = 2.95 µm. The crossover from independent
to coupled modes predicted by the squeeze film model
discussed in Sec. II is also clearly visible, resulting in a
pressure responsivity of about 4 kHz/mbar in the range
2-20 mbar. The measured quality factors are also ob-
served to be in good agreement with the kinetic damping
predictions, confirming that the extra damping due to
the essentially elastic squeeze film force is negligible with
respect to kinetic damping.
To further ascertain this, the effects of pressure on
the damping rate and resonance frequency of two higher-
order modes, the (1,2) mode with frequency of 1306 kHz
and intrinsic Q-factor of 24000 and the (2,3) mode with
frequency of 2108 kHz and intrinsic Q-factor of 383000,
were also investigated. The results, shown in Fig. 7, con-
firm that the variations of the damping rates with pres-
sure are frequency-independent, as expected from kinetic
damping, while the frequency shift pressure responsivity
is inversely proportional with the resonance frequency, as
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Figure 6. Resonance frequency shift (a) and mechanical qual-
ity factor (b) of membrane 2’s fundamental mode as a func-
tion of pressure (logarithmic scale). The solid dark red line
in (a) shows the predictions of the squeeze film model. The
single- and double-linear shifts discussed and shown in Fig. 2
are shown by the gray and black lines, respectively. The solid
dark red line in (b) shows the kinetic damping predictions.
expected from the squeeze film model predictions.
B. 2.1 µm, UV resist-spacer sandwich
We now turn to a membrane sandwich assembled using
the UV resist-spacer approach. For this sample, whose
intermembrane separation is slightly smaller (d = 2.1
µm) than the previous one, higher quality factor modes
were observed for both membranes, which may be an
indication that this assembly method does not increase
clamping losses as much as the first one. The fun-
damental modes of both membranes have frequencies
ω1/(2pi) = 820.1 kHz and ω2/(2pi) = 831.2 kHz, with
intrinsic Q factors of 86000 and 46000, respectively. Ex-
amples of thermal noise spectra at different pressures
are shown in Fig. 8 and the variations of the resonance
frequency shifts and damping rates of both modes with
pressure are shown in Fig. 9. Kinetic damping broaden-
ing of the spectra and large positive resonance frequency
shifts are also observed with this sample. At low pres-
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Figure 7. Damping rates (a) and resonance frequency shifts
(b) versus pressure for three modes of membrane 2. Red
squares: (1,1) mode, orange circles: (1,2) mode, purple trian-
gles: (2,3) mode. The solid lines show the theoretical predic-
tions.
sures, both modes experience similar linear frequency
shifts with a responsivity of 3 kHz/mbar, as expected
from the squeeze film predictions. However, the reso-
nance frequency shifts in the crossing region do not vary
in exactly the same way as with the previous sample.
moreover, the lower frequency mode still exhibits a no-
ticeable frequency shift at high pressure, while the high
frequency mode sees its responsivity increase, but less
than by a factor of 2.
This qualitatively different behavior can be accounted
for by considering that, while a fraction of the squeeze
film-added spring constant couples the two modes to-
gether as previously, the remaining fraction affects each
mode independently. The latter interaction, corre-
sponding to each membrane being independently spring-
coupled to a fixed plate, can be reasonably envisaged if
the modes of each membranes are transversely offset with
respect to each other or if the membranes are not paral-
lel, as we strongly surmize is the case for this sandwich.
Assuming for simplicity the same membrane-fixed plate
spring constant for both modes, Eqs. (6)-(7) are modified
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Figure 8. Thermal noise spectra around the fundamental
mode frequencies for different pressures (from top to bottom:
P = 1.3 10−4, 0.02, 0.07, 0.11, 0.15, 0.47, 0.89, 1.12 mbar).
The background-subtracted spectra are shown with a loga-
rithmic scale and vertically offset for clarity.
to
x¨1 + (γ1 + γair)x˙1 + ω
2
1x1 + k
′
air(x1 − x2) + k′′airx1 = F1,(9)
x¨2 + (γ2 + γair)x˙2 + ω
2
2x2 + k
′
air(x2 − x1) + k′′airx2 = F2,(10)
where k′air and k
′′
air are the air-induced membrane-
membrane and membrane-plate spring constants, respec-
tively. The normal mode frequency shifts are accordingly
given by
ω± =
[
ω20 + δ
2 + 2(η′ + η′′)ω0 ± 2ω0
√
δ2 + η′2
]1/2
,
(11)
where η′ = k′air/(2ω0) and η
′′ = k′′air/(2ω0) are both pro-
portional to the pressure, as previously. At low pressures
(as long as η′, η′′  δ) both modes experience the same
linear frequency shift η′ + η′′. At high pressures (when
η′, η′  δ′) the higher frequency mode experiences a shift
given by 2η′ + η′′, while the lower frequency mode expe-
riences a shift η′′. The solid lines in Fig. 9a show the pre-
dictions of Eq. (11) when η′+η′′ is equal to the full shift η
given by the squeeze film model [Eq. (5)] for d = 2.1 µm
and when η′ ' η′′; these predictions match well the ex-
perimental data in both the crossover and high pressure
regions. The slight apparent discrepancy at pressures
around 0.1 mbar is most likely the result of thermal drifts
during the measurement series, issue which we now turn
to.
In order to estimate the pressure sensitivity of our sen-
sors in the sub-millibar range and to be less sensitive to
the thermal drifts in the chamber, we carried out sequen-
tial measurements during which the air pressure was first
quickly increased from high vacuum (∼ 10−5 mbar) to a
certain value in the sub-millibar range, the thermal noise
spectrum acquired, and the pressure quickly decreased
again to below 10−4 mbar and the thermal noise spec-
trum measured again. Repeating this sequence for var-
ious pressures in the range 10−3 − 10−1 mbar yield the
frequency shifts shown in Fig. 10a. Equal frequency shifts
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Figure 9. Frequency shifts (a) and damping (b) of both mem-
branes’ fundamental modes as a function of pressure (logarith-
mic scale). The solid lines in (a) indicate the predictions of
the two-spring squeeze model discussed in the text. The solid
lines in (b) indicate the kinetic damping predictions. The
inset in (a) shows a zoom-in (linear scale) of the frequency
shifts versus pressure in the few millibar range.
with a responsivity of 3.1 kHz/mbar are observed for each
mode and in good agreement with the theoretical expec-
tations. Zooming into the few 10−3 mbar region (inset of
Fig. 10a) shows that the current pressure sensitivity us-
ing the squeeze film frequency shift is at the 0.1 Pa level.
Let us note that it should be possible to improve this sen-
sitivity substantially by active temperature stabilization
of the chamber, use of lower frequency/higher Q modes
and further reduction of the intermembrane distance.
In principle, the kinetic damping broadening of such
high Q mechanical resonances can also be used to infer
pressure as per Eq. (2), although in a species dependent
way. Figure 10b shows the variations in the linewidth
of the thermal noise spectrum of each mode at various
pressures in the same range, as well as the correspond-
ing linewidths measured in high vacuum during the same
sequence. The linewidth measurements typically reveal
an overall larger statistical spread than the frequency
shift measurements. Given the lower pressure respon-
sivity of the broadening (γair/P ' (2pi)0.7 kHz/mbar)
than that provided by the resonance frequency shift, the
resulting sensitivity is consequently found to be slightly
worse. The pressure sensitivity to air damping could in
7principle be increased, though, by a reduction of the sta-
tistical spread in the linewidth determination (using e.g.
mechanical ringdown spectroscopy techniques) and the
use of higher Q mechanical resonances.
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Figure 10. (a) Frequency shifts of both membranes’ funda-
mental modes as a function of pressure. The inset shows
a zoom into the few 10−3 mbar region. (b) Correspond-
ing linewidths (full symbols). The empty symbols show the
linewidths measured in the corresponding sequence in high
vacuum (below 10−4 mbar). For all data the Lorentzian fit
result uncertainties are smaller than the size of the symbols.
V. CONCLUSION
The effects of air pressure on SiN membrane sand-
wiches with gaps in the 2-3 micron range were investi-
gated in the rarefied air and transition regimes (10−3−50
mbar), via the measurement of their thermal noise spec-
tra by optical interferometry. The essentially elastic
squeeze film force due to the compression of the gas be-
tween the membranes results in strong positive shifts of
the mechanical resonance frequencies of the membranes,
which can be enahnced by the air-induced coupling be-
tween the membrane modes. The experimental obser-
vations are in good agreement with a simple coupled-
oscillator model which includes both squeeze film and
kinetic damping effects. The high pressure responsivity
(several kHz/mbar) and (sub-pascal) sensitivity exhib-
ited by these squeeze film sensors are substantially im-
proved over those observed with larger gap sandwiches.
The performances of these sensors could be further en-
hanced by e.g. reducing the intermembrane distance, us-
ing higher Q mechanical resonances and better tempera-
ture stability or interferometric displacement sensitivity,
which would make them attractive for direct and absolute
pressure measurements in rarefied air and high vacuum
environments.
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